Studies of exciton dynamics in two-dimensional (2D) transition metal dichalcogenide (TMDC) semiconductors have led to discoveries of a variety of fascinating properties for optoelectronic applications [1]. It has been known that exciton dynamics can be strongly affected by lattice vibrations through electron-phonon (e-ph) coupling, which can be described by the formation of exciton-polarons [2] -composite quasiparticles with excitons dressed by a cloud of polar phonons. The recently discovered 2D magnetic semiconductor, CrI 3 , provides a new platform to explore exciton physics beyond the well-studied 2D TMDC semiconductors because of its localized orbitals [3] and intrinsic long-range magnetic order [4] . However, the nature of excitons as well as the roles of magnetic ordering and e-ph coupling in the exciton dynamics remain elusive in 2D CrI 3 . Here in bilayer CrI 3 , we first performed temperature-dependent photoluminescence and linear absorption measurements to show the presence of strong e-ph coupling. We then carried out careful temperature and magnetic field-dependent resonant micro-Raman spectroscopy measurements and discovered a rare Raman feature of periodic broad modes up to as high as the 8 th order, providing direct evidence of the polaronic character of excitons. We establish that the formation of polarons in CrI 3 is dominated by the strong Fröhlich interactions between the bright exciton at ∼1.96 eV and a longitudinal optical phonon at 120 cm −1 . We further show that the emergence of long-range magnetic order below T C = 45 K enhances the e-ph coupling and that the transition from layered antiferromagnetic to ferromagnetic order across B C = 0.7 T tunes the polaron spectra, suggesting a strong coupling among the lattice, charge and spin degrees of freedom in 2D CrI 3 . Our study opens up new avenues for tailoring light-matter interactions in 2D semiconductors with long-range orders and strong correlations.
The polaronic effect, which describes the strong coupling between charge and lattice vibrations, plays a key role in a broad class of novel quantum phenomena ranging from colossal magnetoresistance [5] to anomalous photovoltaic effect [6] . In particular, the polaronic effect on excitons can profoundly modulate exciton dynamics upon photoexcitation and has been employed to describe intriguing optical and optoelectronic properties in materials such as hybrid organic-inorganic perovskite solar cells [7] [8] [9] . Compared to three-dimensional (3D) bulk systems, two-dimensional (2D) atomic crystals possess a couple of unique advantages in exploring the polaronic effect on exciton dynamics. First, the reduced dielectric screening in atomically thin samples enhances both the excitonic effect [1] and the electron-phonon (e-ph) coupling [10] , which is expected to promote the formation of exciton-polarons. Second, unlike bulk materials in which the e-ph coupling is largely determined by intrinsic electronic and phonon band structures with limited tunability, 2D materials provide greater flexibility for engineering e-ph coupling through a battery of approaches including carrier doping [11, 12] and interfacial coupling [13] [14] [15] [16] [17] , as well as dimensionality modulation [10] , and so hold high promise for the future development of optoelectronic devices.
The realization of a long-range magnetic order in 2D semiconducting CrI 3 opens new pathways to engineer optical and optoelectronic properties of 2D semiconductors tunable with magnetic field [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . On the one hand, the large excitonic effect [28] from the localized molecular orbitals can be considered as the microscopic origin of the giant magneto-optical Kerr effect [4] and magnetic circular dichroism [3] signals in 2D CrI 3 . On the other hand, the strong e-ph coupling is interpreted to cause the large Stokes shift, profound broadness, and skewed lineshape in the photoluminescence (PL) spectra of 2D CrI 3 [3] . While it is not surprising then to expect excitons strongly coupling to phonons to develop exciton-polarons in 2D CrI 3 , this has not yet been investigated experimentally. Additionally, 2D CrI 3 also provides the unprecedented opportunity to explore the role of the long-range magnetic order on exciton-polarons, as well as the interplay among the lattice, charge, and spin degrees of freedom (DoFs), all of which are untouched territories in 2D materials research thus far.
One fingerprint for polaron formation is the development of phonon-dressed electronic bands that appear as satellite bands in proximity to the original undressed one. Such features manifest as multiple equally spaced replica bands in angle-resolved photoemission spectroscopy (ARPES) [16, [29] [30] [31] [32] [33] [34] or as discrete absorption and emission lines in linear optical spectroscopy [35] .
However, such signatures of exciton-polarons have not been revealed so far in 2D CrI 3 , as the sizable bandgap (∼1.1 eV) [3] and extreme surface sensitivity [36] of CrI 3 make ARPES measurement challenging while the potential inhomogeneous broadening could largely smear out individual lines for phonon-dressed bands in linear optical spectroscopy. Here, we exploit resonant micro-Raman spectroscopy, a second order nonlinear inelastic optical process, to show the first direct evidence of the polaronic character of excitons in bilayer CrI 3 , which manifests as a well-defined, broad periodic pattern in the Raman shift frequency that is resolved in addition to sharp phonon peaks. The profile of this periodic pattern and its temperature and magnetic field dependence reveal essential information, including the e-ph coupling strength and the coupling between exciton-polarons and magnetism in bilayer CrI 3 .
We start by identifying excitonic transitions and e-ph coupling in bilayer CrI 3 using temperature dependent PL and linear absorption spectroscopy. Bilayer CrI 3 was fully encapsulated between few-layer hexagonal boron nitride (hBN) and placed on a sapphire substrate (see Methods). Photoluminescence and linear absorption spectroscopy measurements were then performed in a transmission geometry (see Methods). Figure 1 shows PL and absorbance spectra taken at 80 K, 40 K, and 10 K that are well above, slightly below, and well below the magnetic critical temperature T C = 45 K, respectively [3, 4, 37] . A single PL mode at 1.11 eV and three prominent absorbance peaks at 1.51 eV, 2.00 eV, and 2.68 eV (denoted as A, B, and C, respectively) are observed across the entire temperature range. These three energies are in good agreement with the ligand-field electronic transitions assigned by differential reflectance measurements on monolayer CrI 3 [3] and bulk CrI 3 [38] [39] [40] , and have been later revealed to be bright exciton states through more recent sophisticated first principle GW and Bethe-Salpeter equation (GW-BSE) calculations [28] . While the absorbance spectra show little temperature dependence except the appearance of a weak shoulder at 1.79 eV at 10 K (orange arrow), the PL spectra are clearly temperature dependent. The temperature dependence of the PL full width at half maximum (FWHM), Γ (T), is well fitted by the model functional form,
, with the first term for temperatureindependent inhomogeneous broadening and the second term for homogeneous broadening from exciton coupled with a LO phonon at frequency ω LO . Taking ω LO = 120.6 cm −1 found later on in Fig. 2 , we obtain Γ 0 = 163.9 ± 2.7 meV and γ = 164.2 ± 8.1 meV, which suggests that the broadness of the exciton modes arises from both inhomogeneous broadening from impurities or disorders and e-ph coupling.
We next proceed to perform resonant micro-Raman spectroscopy measurements with an incident wavelength of 633 nm (1.96 eV) matching the energy of the B exciton on an encapsulated bilayer CrI 3 flake placed on a SiO 2 /Si substrate (see Methods). Figure 2a displays a representative Raman spectrum acquired in the crossed linear polarization channel at 70 K (above T C = 45 K).
We note that this spectrum covers a much wider frequency range than earlier Raman studies on CrI 3 [36, 37, 41, 42] . The first-order single phonon peaks appear in the relatively low frequency range of 70 -140 cm −1 , and are assigned to be of either A g or E g symmetries under the C 3i point group (labeled as A 1−3 and E 1−4 in the inset of Fig. 2a ) which is consistent with earlier work [36, 37, 41, 42] . The second-order two-phonon modes show up in a slightly higher frequency range of 180 -280 cm −1 , and have much weaker intensities and broader linewidths as expected (see Supplementary Section 1). In addition to these phonon features, we resolve a remarkable periodic modulation across a wide frequency range of 70 -800 cm −1 in the low intensity part of the Raman spectrum. This is highlighted by the orange shaded area in Fig. 2a and magnified in Fig. 2b . Similar features can be reproduced in 2D CrI 3 of other thicknesses with only subtle quantitative variations (see Supplementary Section 2). We clearly see in Fig. 2a and 2b that the first-and second-order phonon modes have much narrower linewidths than the modulation feature, which rules out the possibility of this periodic pattern being from higher-order multiple-phonon processes.
To better understand the origin of the periodic pattern in the bilayer CrI 3 Raman spectrum, we fit the pattern using a summation of Lorentzian profiles of the form ∑ N A N (Γ N /2) 2 (ω−ω N ) 2 +(Γ N /2) 2 with central frequency ω N , linewidth Γ N , and peak intensity A N of the N th period. Figure 2c shows the plot of the central frequency Γ N as a function of N, from which a linear regression fit gives a periodicity of 120.6 ± 0.9 cm −1 and an interception of 0 ± 0.2 cm −1 (see Supplementary Section 3 for the 0 th broad mode). Figure 2d reveals a monotonically increasing trend for the line width Γ N , with ∼ 63 cm −1 for N = 1 up to ∼110 cm −1 for N = 6. Such an extremely broad and precisely periodic feature in CrI 3 is in clear contrast to the cascade multiphonon overtones previously reported in Eu, Cd, Yb monochalcogenides [43] [44] [45] [46] [47] [48] [49] [50] from three aspects: the much broader linewidth than that of phonons, the absence of the LO phonon at ω LO = 120.6 cm −1 in the first-order phonon Raman spectra ( Fig. 2a inset) , and the Poisson distribution, instead of the exponential decay, for A N (Fig. 3c ) (see Supplementary Section 4). Meanwhile, strikingly similar features have been seen in polaron systems through the energy dispersion curves of ARPES [16, [29] [30] [31] [32] [33] [34] , as well as through linear absorption and PL spectroscopy [8, 51] . In those cases, the periodic patterns in their energy spectra were determined as the phonon-dressed electronic state replicas induced by the polaronic effect, or sometimes also referred as phonon-Floquet states [52] , and the periodicity is given by the frequency of phonons participating in the formation of the polarons. Due to the high resemblance between the lineshapes of our Raman spectrum and those polaron energy spectra [8, 16, [29] [30] [31] [32] [33] [34] 51] , as well as the large e-ph coupling strength present in CrI 3 [3], we assign that the broad periodic feature seen here stems to polaronic origins, whereby the B exciton at 1.96 eV, with the electron (hole) in the weakly dispersive conduction (highly dispersive valence) band of Cr 3d (I 5p) orbital character [28, 53] , couples strongly to a phonon at 120 cm −1 [54] . Because the phonon mode involved in the formation of the polarons are parity odd [55] , it is expected to be Raman inactive for a centrosymmetric crystal, which is consistent with the absence of 120 cm −1 phonon mode in the Raman phonon spectra.
We then proceed to identify the source and the character of the phonon at 120 cm −1 . We first rule out the possibility of this phonon arising from either the hBN encapsulation layers or the SiO 2 /Si substrate, as a similar periodic pattern in the Raman spectrum is also observed in bare bulk CrI 3 crystals (see Supplementary Section 5). We then propose the longitudinal optical (LO) phonon calculated at ∼115 cm −1 from the phonon band dispersion in monolayer CrI 3 [56] as a promising candidate, whose slight energy difference from the experimental value of 120 cm −1 could result from calculation uncertainties. This LO phonon mode belongs to the E u symmetry of the C 3i point group, and its atomic displacement induces an in-plane polar moment [56] .
Consequently, an electric field is generated upon the activation of this LO phonon and interacts strongly with the B excitons through the Coulomb interactions, thus promoting the formation of exciton-polarons in bilayer CrI 3 . Furthermore, this LO phonon band at ∼115 cm −1 is nearly dispersionless, and so is expected to have a large density of states, increasing its potential for coupling with the excitons in bilayer CrI 3 .
It has been shown theoretically that the polaron system consisting of dispersionless LO phonons and charges is one of the few exactly solvable models in many-body physics [57] . The calculated polaron spectra can be well-described by a Frank-Condon model with a Poisson distribution func- 59] , where A 0 is the peak intensity of the original electronic band, A N is the peak intensity for the N th replica band with N phonon(s) dressed, and α is a constant related to the e-ph coupling in 3D (i.e., α 3D ) that can be scaled by a factor of 3π/4 for 2D (i.e., α 2D ) [60] . Based on this model, we proceed to fit with the Poisson distribution function the Lorentzian peak intensity profile extracted from Fig. 2b and arrive at α 3D = 2.4 (scaled to α 2D = 1.0) at 70 K in bilayer CrI 3 . This value of α 2D is comparable to that for other 2D polaron systems including graphene/hBN heterostructures (α 2D = 0.9) [16] and bare SrTiO 3 surfaces (α 2D = 1.1) [31] , which positions bilayer CrI 3 within the intermediate e-ph coupling regime and confirms the formation of 2D Fröhlich exciton-polarons in this system. The noticeably higher visibility of high-order replica bands in bilayer CrI 3 (up to N = 6 at 70 K) possibly results from a combination of the narrow exciton linewidth (∼60 cm −1 ) and the dispersion-less LO phonon frequency (∼120 cm −1 ).
Despite the general success of the Frank-Condon model in describing 2D Fröhlich polarons in
the aforementioned systems [30, 31, 33, 34] , a more detailed and accurate microscopic model, especially with the exciton effect accounted for, is highly desired for understanding the formation and consequences of 2D Fröhlich exciton-polarons in bilayer CrI 3 .
Given the coexistence of a 2D long-range magnetic order and 2D Fröhlich exciton-polarons below T C = 45 K in bilayer CrI 3 , it is natural to explore the interplay between the two. For this, we have performed careful temperature-dependent polaron Raman spectroscopy measurements and fitted the periodic pattern in every polaron spectrum with a sum of Lorentzian profiles. Figure   3a and 3b displays the polaron Raman spectra taken at 40 K and 10 K, slightly and well below T C , respectively. Compared with the spectrum at 70 K ( Fig. 2b) , not only do more high-order replica bands become visible at lower temperatures (i.e., up to N = 8 at 10 K), but also the spectral weight shifts towards the higher-order bands (i.e., from N = 1 at 70 K to between N = 3 and 4 at 10 K in Fig. 3c ). By fitting the Lorentzian peak intensity profile at every temperature to a Poisson distribution function, we extracted the temperature dependence of α 2D . As shown in Fig. 3d , α 2D remains nearly constant until the system is cooled to T C and then increases by nearly 50% at the lowest available temperature of 10 K. The observation that α 2D enhances anomalously below the magnetic onset T C suggests an appreciable coupling among the spin, charge, and lattice DoFs in bilayer CrI 3 . This provides a new material platform of atomic crystals for exploring strong entanglements among multiple DoFs in the 2D limit, in addition to complex transition metal oxides interfaces [31] [32] [33] [34] .
It is known that bilayer CrI 3 transitions from a layered antiferromagnet (AFM) to ferromagnet (FM) with increasing out-of-plane magnetic field (B ⊥ ) above the critical value of B C ∼ ± 0.7 T [3, 4, 19, 21] . We then finally explore the 2D Fröhlich exciton-polaron evolution across this magnetic phase transition by performing magnetic field-dependent polaron Raman spectroscopy measurements. Different from the linear polarizations used in the magnetic field free Raman measurements above, we chose circularly polarized light to perform magnetic field-dependent measurements here in order to eliminate any Faraday effect from the optical components that are situated within the strong magnetic field. Figure 4a shows polaron Raman spectra taken at B ⊥ = 0 T and ±1 T, below and above B C , respectively, in both RR and LL channels, where RR(LL) is for the polarization channel selecting the right-hand (left-hand) circular polarization for both incident and scattered light (see Supplementary Section 6). At 0 T, the polaron spectra are the same in RR and LL channels, consistent with zero net magnetization in the layered AFM state for bilayer CrI 3 at B ⊥ < B C . At ±1 T, the polaron spectra in RR and LL channels show opposite relative intensities under opposite magnetic field directions, determined by the net magnetization, aligned along the B ⊥ direction, in the FM state for bilayer CrI 3 at B ⊥ > B C . To better quantify the magnetic field dependence of the polaron spectra, without loss of the generality, we measured polaron Raman spectra in RR channel at B ⊥ from 0 T to 1.4 T every 0.1 T. We fit the spectrum at every magnetic field to extract A N , A 0 , and α 2D . Figure 4b shows that the Lorentzian peak intensity profiles segregate into two groups, one for B ⊥ = 0 -0.7 T and the other for 0.8 -1.4 T, coinciding with the first-order magnetic phase transition at B C ∼ 0.7 T. Specifically, Figure 4c shows that A 0 has an abrupt decrease at B C ∼ 0.7 T and α 2D remains nearly constant over the magnetic field range from 0 T to 1.4 T. The suppression(increase) of A 0 above(below) B C ∼ ±0.7(-0.7) T in RR(LL) channel results from both the development of a net magnetization and the restoration of spatial inversion symmetry across B C [61, 62] . The magnetic field independence of α 2D reveals that it is the intralayer, rather than interlayer, magnetism coupled to the 2D exciton-polarons in bilayer CrI 3 .
Our data and analysis reveal the existence of 2D exciton-polarons in bilayer CrI 3 which arises from the strong coupling between the lattice and charge DoFs and can be dramatically modified by the spin DoF of CrI 3 . The exceptionally high number of phonon-dressed electronic state replicas here suggests 2D CrI 3 as an outstanding platform to explore novel phases out of phonon-Floquet engineering, while the significant coupling to the spin DoF adds an extra flavor whose impact on the phonon-Floquet states has not been studied thus far. For example, one can imagine creating topological states through the band inversion between the phonon-dressed replicas of CrI 3 and the electronic state of a material in close proximity.
Methods
Sample fabrication. CrI 3 single crystals were grown by the chemical vapor transport method, as detailed in Ref. [37] . Bilayer CrI 3 samples were exfoliated in a nitrogen-filled glovebox. Using a polymer-stamping transfer technique inside the glove box, bilayer CrI 3 flakes were sandwiched between two few-layer hBN flakes and transferred onto SiO 2 /Si substrates and sapphire substrates for Raman spectroscopy and PL/linear absorption spectroscopy measurements, respectively.
Linear absorption spectroscopy. A bilayer CrI 3 sample on a sapphire substrate was mounted in a closed-cycle cryostat for the temperature-dependent absorption spectroscopy measurements. A broadband tungsten lamp was focused onto the sample via a 50× long working distance objective.
The transmitted light was collected by another objective and coupled to a spectrometer with a spectral resolution of 0.2 nm. The absorption spectra were determined by 1 − Raman spectroscopy. Resonant micro-Raman spectroscopy measurements were carried out using a 633 nm excitation laser for the data in the main text and 473 nm, 532 nm, and 785 nm excitation laser for data in Supplementary Section 7. The incident beam was focused by a 40× objective down to ∼ 3 µm in diameter at the sample site, and the power was kept at ∼ 80 µW.
The scattered light was collected by the objective in a backscattering geometry, then dispersed by a Horiba Labram HR Raman Evolution Raman spectrometer, and finally detected by a thermoelectric cooled CCD camera. A closed-cycle helium cryostat is interfaced with the micro-Raman system for the temperature-dependent measurements. All thermal cycles were performed at a base pressure lower than 4 × 10 −7 mbar. In addition, a cryogen-free magnet is integrated with the low temperature cryostat for the magnetic field-dependent measurements. In this experiment, the magnetic field was applied along the out-of-plane direction and covered a range of 0 -2.2 Tesla. In order to avoid the Faraday rotation of linearly polarized light as it transmits through the objective under the magnetic field, we used circularly polarized light to perform the magnetic field-dependent Raman measurements.
Fitting polaron Raman spectroscopy. For every sample, we have taken temperature and magnetic field dependent Raman spectra on the hBN/SiO 2 /Si substrate with the same experimental conditions as that on the CrI 3 flakes. The Raman spectra from the substrate, an extremely gradual background with a Si phonon peak at ∼525 cm −1 , shows no dependence on temperature (over the range of 10 -70 K) and magnetic field (0 -2.2 T). To fit the polaron Raman spectra of CrI 3 flakes, we follow the routine described below. (I) we fit the Si phonon peak at ∼525 cm −1 in both spectra taken on the CrI 3 thin flake and the bare substrate to extract the Si peak intensity, (ω−ω N ) 2 +(Γ N /2) 2 . For the neatness of the data presentation in Fig. 2 and 3 , we only show the fitted line from step IV in the plots. (2018)), this 239 cm −1 mode coincides with a computed E g mode, and therefore is labeled as E 5
here. 
S2. Exciton-polaron in 2D CrI 3 with varying thickness
We have performed both temperature and magnetic field dependence measurements on three layer (3L), four layer (4L), and five layer (5L) CrI 3 flakes.
1) Temperature dependence in 3L, 4L, and 5L CrI 3 Fig. S2 shows temperature dependent Raman spectroscopy results for 3L, 4L, and 5L CrI 3 . We have performed the same analysis as we did for bilayer (2L) CrI 3 to extract the peak intensity (A N ) v.s. N th order for the periodic broad modes for the temperature range 10 -65 K (with one spectrum every 5 K for all three thicknesses). We fitted A N with the Poisson distribution function to extract the electron-phonon coupling strength α 2D for each temperature. We finally plotted α 2D as a function of temperature. On a qualitative level, the temperature dependence results for these three thicknesses are consistent with that for 2L CrI 3 in the main text Fig. 3 . 2) Magnetic field dependence in 3L, 4L, and 5L CrI 3 Fig. S3 shows the magnetic field dependence for CrI 3 flake with three different thicknesses, 3L, 4L, and 5L. We have done the same analysis as that for 2L CrI 3 to extract the overall polaron intensity and e-ph coupling constant for the polaron spectra at varying magnetic fields, with the results showing in Fig. S3b and S3c. The polaron intensity shows a step-function like decrease in RR channel at a critical magnetic field B C = ∼1.7 T for all three thicknesses, which is consistent with the layered AFM to FM transition in 3 -5L CrI 3 , while the e-ph coupling constant remains nearly constant across B C . Despite the difference in B C between 2L and 3 -5L CrI 3 , their magnetic field dependence are qualitatively the same.
3) Layer number dependence of the electron-phonon coupling in CrI 3 Fig. S4 summarizes the layer number dependence of the e-ph coupling constant in CrI 3 . 
S3. Anti-Stokes polaron Raman spectra in bilayer CrI 3
As shown in Fig. S5a , there is very limited signal on the anti-Stokes side. Only one phonon mode at -107 cm −1 is observed at 55 K but not at 10 K. The peak intensity profile for the periodic broad modes remain consistent with what we found in the main text Fig. 2 and 3 , even with the consideration of the 0 th order mode. We did further analysis to the only anti-Stokes phonon mode, 
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Excitations in the material cause fluctuations in the induced polarization P-which a reflected in the susceptibility tensor χ-resulting in a scattered electric field E S (r, t). Althoug the scattered light will, in general, be unpolarized and have a continuum of scattered fr quencies and scattered wave vectors, the specific design of the Raman scattering apparatu (see Section 6.3) allows one to detect the intensity of scattered light having a specific angu lar frequency ω S , a particular wave vector k S , and a specific polarization where ω I is the incident light frequency ω is the frequency of the excitation T is the temperature
The relationship between the Stokes' and anti-Stokes' Raman intensities therefore provides method for determining the "actual" temperature of the sample in the scattering region, fo example, allowing one to account for such important effects as laser heating of the sample.
Kinematical Constraint in Raman Scat tering
In an ideal crystal with full translational symmetry, kinematical constraints imposed b wave vector conservation dictate the following constraint on the Raman scattering pro cess, q = k I − k S , where k I and k S are the wave vectors of the incident and scattered pho tons, respectively, and q is the wave vector of the excitation. In typical light scatterin experiments-with incident and scattered photons in the visible frequency range (ω I,S 10 14-15 Hz) and excitation frequencies in the far-to near-infrared range (ω ≈ 10 11-13 H (which covers the frequency range in which optical phonon, magnon, and intraband ele tronic excitations are typically observed in solids, as will be discussed below)-the cond tions ω << ω I and |k I | ≈ |k S | apply, and therefore the wave-vector-conservation condition ca to a good approximation, be written |q| = 2|k I |sin(θ/2), where θ is the angle between th incident and scattered light directions. Consequently, the excitation wave vectors typical probed in light-scattering experiments have the following range of magnitudes, 0 < |q| < 3 10 −3 Å −1 (Hayes and Loudon 1978), which is generally several orders of magnitude small than the size of the Brillouin zone boundary, |k ZB | ≈ 2π/a ≈ 1 Å −1 , where a is the lattic parameter of the crystal. Importantly, therefore, Raman scattering measurements general probe only excitations very near the Brillouin zone center; that is, at |q| ≈ 0. This is a seve limitation compared, for example, to neutron scattering measurements, which can prob phonon and magnetic excitations throughout the Brillouin zone. However, this limitation circumvented under certain circumstances, such as when two-particle (e.g., two-phonon an 
S4. Discussions on differences between the polaron and multiphonon process Raman
Below, we explain the difference between the periodic broad modes and phonon overtones.
1) Difference in Raman lineshape:
The Raman spectrum for the multiphonon process shows sharp peaks at integer numbers of the LO phonon frequency with significantly greater linewidth at higher order processes (e.g., PRL 22, 780 (1969) and more others). In the Raman spectrum for CrI 3 , there are also contributions from the multiphonon process, corresponding to the sharp phonon modes (linewidth in order of 1 cm −1 ) that survive up to the 3 rd order at T = 10 K (1 st , 2 nd , and 3 rd order phonon modes are labeled in Fig. S6 ). In addition and in contrast, (1) the Raman spectrum for CrI 3 features periodic broad modes (linewidth of ∼70 cm −1 ) centered at integer numbers of 120 cm −1 without a steep increasing in the linewidth at higher orders.
(2) this broad mode survives up to the 8 th order, much higher than the 3 rd order for the multiple phonon process in CrI 3 .
For the EuX case, it is worth noting that the LO phonon mode linewidth is broad at room temperature (PRB, 20, 2834 (1979) ). This is because of (i) the scattering process involving one phonon and one spin; and (ii) the material systems having spin-disorder effect. But the linewidth increases significantly at higher order process, which is in contrast to that of the periodic broad modes in 2) Difference in the microscopic origin:
The multiphonon process originates from the cascade process of electron (hole) scattered by phonons before the electron-hole recombination. In contrast, the periodic broad modes in CrI 3 are from the scattering of electron (hole) between the phonon-dressed electronic states. The linewidth (the inverse of the lifetime) for the broad modes in CrI 3 is dominated by the linewidth of these electronic states which are supposed to be much broad then that of phonons. Such phonon-dressed electronic bands have been reported in a few systems (e.g., SrTiO 3 , 1 unit cell FeSe/SrTiO 3 , etc)
using the ARPES technique.
For the case of EuX, because of the antisymmetric nature of the phonon mode of relevance, the scattering process for the first order include one LO phonon and one spin, and so on so forth for the higher order phonon modes.
3) Difference in the intensity profile as a function of N th order:
Because of the cascade process, the multiphonon process often shows the exponential decay of the scattering intensity with respect to the N th order of the phonon process. In contrast, the broad modes in CrI 3 Raman spectrum obeys the Poisson distribution of the scattering intensity with respect to the N th mode order, which is consistent with the spectral weight profile for the phonondressed electronic states.
For the EuX case, the constant decay for the multiphonon mode intensity with increasing N th order is consistent with the cascade multiple phonon process, and therefore support its distinction from the periodic broad modes of our interest in the current manuscript.
4) Difference in the presence of the relevant LO phonon in Raman:
The last but not the least point to show: In the multiphonon process, the relevant LO phonon shows up in the Raman spectra as the sharpest 1 st order phonon mode. In contrast, the relevant LO phonon at ∼120 cm −1 in this manuscript is Raman inactive and therefore not present in the 1 st order phonon spectra (see Fig. S7 ).
For the EuX case, the first order LO phonon is present in the Raman spectra, in contrast to the absence of the LO phonon mode at 120.6 cm −1 here.
Given the listed differences between the multiphonon and periodic broad modes, we believe what we observed here in CrI 3 , the periodic broad feature that survives up to the 8 th order at 10 K, is distinct from the multiphonon modes which are also present in CrI 3 but only up to the 3 rd order at 10 K.
Fig. R3
Two representative 1 st order phonon Raman spectra (in the parallel and crossed polarization channels) showing all Raman active phonon modes in the frequency range of 70 -150 cm -1 . The vertical arrow indicates 120.6 cm -1 , the frequency for the LO phonon responsible for the periodic broad modes in Fig. R1 
S5. Periodic pattern in Raman spectrum observed in bulk CrI 3
We performed Raman spectroscopy measurements on a freshly cleaved CrI 3 bulk crystal using identical experimental conditions as that taken on bilayer CrI 3 samples. Fig. S8 shows a Raman spectrum acquired at 70 K. A similar periodic pattern as that in bilayer CrI 3 is observed in bulk CrI 3 and is fitted by a summation of Lorentzian profiles of the form ∑ N A N (Γ N /2) 2 (ω−ω N ) 2 +(Γ N /2) 2 . Inset shows the plot of the fitted central frequency ω N as a function of N, whose linear fit provides the periodicity of 121.3 ± 1.2 cm −1 . This periodicity, i.e., the frequency of the participating polar LO phonons in the formation of exciton-polarons, is slightly greater than that of 120.6 ± 0.9 cm −1 in bilayer CrI 3 . This can be attributed to the additional interlayer coupling on both sides of a layer in bulk CrI 3 , which is supported by similar amount of blue shift for the Raman active phonon modes. The consistency between bulk and bilayer CrI 3 definitively rules out the possibility of the polaron in bilayer CrI 3 resulting from the interfacial coupling with the hBN capsulation layers or the SiO 2 /Si substrate. 
S6. Polaron Raman spectra of bilayer CrI 3 in four circular polarization channels
Above B C , (i) the ferromagnetic order has a net magnetization, and therefore the system responds differently to LL and RR (the two polarization geometries are related by the time-reversal operation); (ii) the ferromagnetic order has the inversion symmetry, and therefore Raman can only detect parity even modes.
Below B C , (i) the layered antiferromagnetic order has no net magnetization, and therefore the system responds equivalently to LL and RR (the two polarization geometries are related by the time-reversal operation); (ii) the layered antiferromagnetic order breaks inversion symmetry, and therefore it releases the constraint of only parity even modes being Raman active. 
